The rumen bacterium Butyrivibrio proteoclasticus B316
Introduction
Butyrivibrio proteoclasticus is an obligately anaerobic butyrate-forming, rod-shaped bacterium isolated from the rumen. Originally classified as Clostridium proteoclasticum and isolated because of its proteindegrading ability , it has been reclassified recently as B. proteoclasticus . Although it is likely that B. proteoclasticus was originally classified as the genus Fusocillus (Kemp et al., 1975; Wallace et al., 2006) , these cultures could not be resuscitated from culture collections. In addition to protein degradation, B. proteoclasticus is able to utilize hemicellulose (xylan) as a major growth substrate Moon et al., 2008) . We have recently sequenced the genome of the type strain B. proteoclasticus B316 T (Kelly et al., 2010) in an attempt to further elucidate its role in plant fibre degradation, with an aim to exploit its genome to improve ruminant animal productivity. Analysis of the 4.4-Mb B316 T genome (39 G1C%) indicates that it is composed of four separate replicons: a main chromosome, a chromid (Harrison et al., 2010) and two megaplasmids, of approximately 3.55 Mb, 302 kb, 361 kb (pCY360) and 186 kb (pCY186), respectively (Kelly et al., 2010) (Table 1) .
Vectors suitable for gene transfer or gene expression in Butyrivibrio species are not well developed and hence there have been few genetic studies with Butyrivibrio species. Some shuttle vectors have been generated (Ware et al., 1992; Beard et al., 1995; Kobayashi et al., 1995; Gobius et al., 2002) , but, most likely due to the diverse nature of the various Butyrivibrio species , effective transfer between different host strains is limited. Previous work has, however, shown that the transposon Tn916 (18.032 kb) can be introduced by conjugal transfer to rumen bacteria such as Butyrivibrio species from an Enterococcus faecalis donor (Hespell & Whitehead, 1991) . The use of Tn916 offers a convenient mechanism by which foreign DNA can be introduced into Butyrivibrio species for mutagenesis studies. Moreover, previous studies from our laboratory using B. proteoclasticus have refined the methodology by which conjugation and transconjugant selection can be performed and used metabolomics to propose a putative gene function for Tn916 mutants (Villas-Bô as et al., 2008) . In light of the unique genomic arrangement of B316 T , this work aimed to determine the insertion characteristics in each of the four replicons and to investigate the use of Tn916 as a tool for generating a panel of mutants to assist with assigning gene function.
Materials and methods

Butyrivibrio proteoclasticus B316
T was grown anaerobically using RGM or DM media (Hespell & Whitehead, 1991) , or TYAR medium . Enterococcus faecalis CG110 (Gawron-Burke & Clewell, 1982) was also grown anaerobically using RGM medium supplemented with 10 mg mL À1 tetracycline. Cultures were incubated at 37 1C.
Butyrivibrio proteoclasticus and E. faecalis conjugations, procedures and culture conditions for the purification of transconjugants were performed as described previously (Hespell & Whitehead, 1991; Hussein et al., 2008; Villas-Bô as et al., 2008) . Briefly, donor and recipient bacterial cultures (10 mL, 24 h at 37 1C) were pelleted by centrifugation, washed twice with carbohydrate-free RGM medium (buffer) and resuspended in 2 mL of RGM buffer. Donor and recipient cells were mixed (1 : 1 and 1 : 2 ratios), resuspended to approximately 100 mL in the same buffer and dispensed onto a sterile filter (type GS, 0.22 mm pore size; Millipore Corp.) placed on a DM or a TYAR agar plate (no antibiotics). After incubation (3.5 h at 37 1C), the filter was washed in phosphate-buffered saline (pH 7.3). Dilutions were plated out onto DM or TYAR agar plates supplemented with tetracycline (10 mg mL
À1
) and ciprofloxacin (25 mg mL À1 ) and incubated for 2-5 days. Presumptive transconjugants were purified by picking well-spaced colonies and subculturing at least twice onto the corresponding antibiotic-containing medium . B316 T cells were enumerated for determining the conjugation efficiency by plating dilutions of the recipient mix onto RGM agar.
Total genomic DNA was recovered from transconjugants with standard cell lysis methods using lysozyme, proteinase K and sodium dodecyl sulphate, followed by phenol chloroform extraction. Genomic DNA was precipitated by the Approximately 500 ng of total genomic DNA from transconjugants was digested overnight at 37 1C with HindIII. Cut DNA was then electrophoresed on a 0.8% (w/v) agarose gel, depurinated, denatured and neutralized, and transferred to a nitrocellulose membrane (Hybond N1, GE Healthcare) according to the manufacturer's instructions. The number of Tn916 insertions per transconjugant was determined by probing blots with a HindIII-KpnI fragment from Tn916 corresponding to the tet(M) gene labelled using an AlkPhos kit (GE Healthcare) method. Hybridization proceeded overnight at 62.5 1C, with posthybridization washes at 62.5 1C and subsequent chemiluminescence detection of the hybridized probe using CDP-Star (GE Healthcare).
Approximately 100 ng of HindIII digested B316 T total genomic DNA from transconjugants having only a single Tn916 insertion was ligated overnight at 16 1C (Ready-to-Go T4 DNA ligase, GE Healthcare). The ligase was denatured by incubating at 65 1C for 15 min. Circularized HindIII DNA fragments were purified using sodium acetate and ethanol precipitation and resuspended in 20 mL distilled water. Inverse PCR was performed using the primers Tn916L (5 0 -CGT GAAGTATCTTCCTACAGT-3 0 ) and TetM5 0 (5 0 -CCTAATT CTGTAATCGCTCCACTG-3 0 ) using circularized HindIII DNA as a template (Villas-Bôas et al., 2008) . Inverse PCR products were purified (QIAQuick PCR Purification Kit), sequenced directly with Tn916R using the BigDye Terminator v.3.1 Cycle Sequencing kit (Applied Biosystems) with separation of reactions on an ABI3730 sequencer (Allan Wilson Centre Genome Service Facility, Massey University, NZ). The Tn916 insertion site was mapped to the completed version of the B316 T genome sequence, GenBank accession numbers CP001810 (BPc1), CP001811 (BPc2), CP001812 (pCY360) and CP001813 (pCY186).
An in-house PERL script was used to capture 20 nucleotides upstream and 20 nucleotides downstream of each Tn916 insertion site. Nucleotide sequence clusters from each genetic element were merged in CLUSTALX 2.0 (Thompson et al., 1997) and a complete sequence alignment was calculated. The final alignment was then imported into LOGOBAR (Pérez-Bercoff et al., 2006) .
Results and discussion
Plasmid constructs and the conditions for the routine transformation and genetic analysis of the general Butyrivibrio assemblage remain to be determined. However, a previous study demonstrated the conjugal transfer of Tn916 and Tn916DErm from an E. faecalis donor to various Butyrivibrio fibrisolvens strains (Hespell & Whitehead, 1991) , but there was no analysis of the genomic distribution and consensus sequence associated with transposon insertion sites, and none of those Butyrivibrio strains had their genome sequenced and fully annotated. With the genome sequence of B316 T completed and fully annotated, this study was undertaken to demonstrate Tn916 mutagenesis and to investigate the transposition events in a genome composed of four separate replicons.
After exploring a variety of conditions including the selective culture of B. proteoclasticus and the inhibition of the E. faecalis donor strain after conjugation, a total of nine separate conjugation experiments as described in the Materials and methods were performed that gave rise to B316 T transconjugants. Attempts were made to standardize conditions to ensure uniformity of each conjugation experiment with regard to the age of bacterial cultures, the total numbers of donor and recipient bacteria and the incubation time for conjugation. Despite these standardization attempts, Tn916 transfer frequencies still varied over several orders of magnitude (approximately 1.0 Â 10 À5 -9.2 Â 10 À8 transconjugants per recipient).
Of the 381 transconjugants that were isolated, 303 were successfully subcultured, frozen at À 85 1C and resuscitated for further analysis. Of the 303 transconjugants, 70 (23.1%) had two or more Tn916 inserts, while no inverse PCR amplicon could be obtained from 110 transconjugants. Using inverse PCR and sequence analysis of the resultant products, single transposon insertion sites were established in 123 (32.3%) of the tetracycline-resistant mutants (Fig. 1,  Table 2 ). Initial sequence analysis of the inverse PCR products indicated that 53 insertion sites accounted for the 123 single insertion events. Twenty-nine of the 53 (54.7%) specific insertion sites were associated with unique transposition events (Table 2 ). The remaining sites of Tn916 insertion were hit multiple times, with up to eight transposition events, from four separate conjugations, observed to have occurred at one locus (Fig. 1, Table 2 ). By comparing the flanking DNA sequences from the left end of Tn916, it was possible to determine that Tn916 had inserted into both the top and the bottom DNA strands in 12 of the 24 (50.0%) insert sites into which Tn916 had inserted more than once (Fig. 1, Table 2 ). In total, there were 65 different target sequences, and examination of these sites in detail allowed the modelling of a consensus Tn916 recognition sequence for integration into B. proteoclasticus (Fig. 2) . The use of inverse PCR and HindIII as the specific restriction enzyme of choice to obtain flanking DNA sequence may preclude the amplification and thus the identification of some Tn916 integration sites. Other integration sites are likely to be lethal to the B316 T recipient; hence, some putative insertion sites may not be easily identified through in vitro studies such as this.
To our knowledge, the analysis of transposon target sites in complete bacterial genomes has only been studied in a single genome sequenced bacterium, Haemophilus influenzae Rd strain KW20 (Nelson et al., 1997) . Analysis of the eight separate Tn916 insertions indicated that, although they were well distributed within the single1.83-Mb replicon of Rd strain KW20 (Fleischmann et al., 1995) , seven insertions occurred in noncoding, intergenic regions (Nelson et al., 1997) . However, this study with B316
T is the first to investigate Tn916 integration sites in a genome consisting of multiple replicons, and the most comprehensive and thorough investigation to date of Tn916 integration sites in a closed and fully annotated bacterial genome. Transposon insertions were present in all four B. proteoclasticus replicons (Fig. 1, Table 1 ). BPc2 and pCY360 constitute 6.9% and 8.2% of the B316 T genome sequence and had seven (13.2%) and eight (15.1%) specific Tn916 insertion sites, respectively, an over-representation compared with BPc1, which constitutes 80.7% of the genome and had 37 (69.8%) insertion sites. Accordingly, the average distance between specific Tn916 insertion sites on BPc1 was over twice that of BPc2 and pCY360 (Table 1 ). In contrast, the overall frequency of transposition in BPc2 was only 40% that of pCY360. Copy number analysis of the four replicons (Table  2) indicated that unlike BPc1, BPc2 and pCY186 (copy number of 1), pCY360 has a copy number of 5 (Yeoman, 2009) . This copy number characteristic may contribute to the increased total number of Tn916 insertions in pCY360 (n = 25) compared with the similarly sized replicon, BPc2 (n = 10) ( Table 1) . Only a single transposon site was noted in pCY186, in which Tn916 was noted on two occasions (Fig. 1,  Table 2 ). Previous work (Yeoman, 2009) has indicated that unlike the other larger megaplasmid pCY360, pCY186 is readily cured during in vitro culture from B316 T . Consequently, Tn916 insertion in pCY186 may lead to the instability of this nonessential replicon in vitro, leading to the observed insertion frequencies.
Analysis of the complete genome sequence from B. proteoclasticus B316 T indicates that approximately 90.0% of the genome is made up of ORFs, but annotation of the full sequence indicated that only (18 of 53, 34.0%) of the Tn916 insertion sites were in ORFs (Fig. 1, Table 1 ). The association of transposon integration within intergenic regions in the B316
T genome may be inter-related with the analysis of the coding vs. noncoding regions: intergenic regions have an overall GC ratio of 34.7%, compared with 39.3% for the genome overall, and thus are comparatively more AT-rich. Similarly, the intergenic regions of H. influenzae Rd KW20 were 5% more AT-rich than the coding regions (Nelson et al., 1997) . These data indicate that the integration of Tn916 in B316
T is likely to be site-specific with hot spots for insertion, despite it having a relatively AT-rich/GC-poor genome. Identification of the integration sites in the isolates generated from this study enabled the modelling of a consensus sequence for Tn916 integration in B316 T (Fig.  2) , which consisted of transposon target sites that were characteristically AT-rich, with a more variable 6-bp spacer sequence contained within the AT-rich target regions (Fig.  2) . Comparison of the modelled B316 T -derived consensus with those derived from the insertion sites of Tn916 transposon mutants in other bacterial strains indicates conservation of the core TTTTTnnnnnnAAAAA sequence across all mutants that were examined (Scott et al., 1994; Nelson et al., 1997) .
Modelled consensus target sequences for Tn916 insertions in ORFs, intergenic regions and sites where more than five separate Tn916 insertions occurred were also determined, but no specific characteristics were observed that Each integration site is followed in brackets by the frequency at which Tn916 was observed to have inserted into that site, and the actual base pair position of integration into each of the four genomic elements. differentiated these modelled consensus sequences from those that represented all insertion sites (data not shown). However, when the modelled 16-bp consensus target sequence (Fig. 2) , with up to two mismatches, was used to search the complete B316 T genome, 39 theoretical insertion sites were identified, 19 of which were in coding regions, 20 of which were in noncoding regions and included nine where the insertion site had been identified from purified B316 T tetracycline-resistant mutants (six noncoding: insertion numbers 13, 23, 28, 30, 32 and 48 and three coding: insertion numbers 21, 46 and 52, Table 2 ) during conjugation experiments. We were unable to categorically deduce whether any theoretical transposon insertion sites in any of the specific genes was lethal, but based on our assessments on the likely gene function of the mutated gene and the adjacent gene, four of the 16 theoretical Tn916 insertion sites were likely to be essential and could be lethal.
A recent study (Plague, 2010) of 116 bacterial genomes demonstrated a natural selection and insertion sequence bias towards insertion sites with neighbouring genes having a convergent orientation (! ), thought least likely to cause disruption, compared with insertion sites with neighbouring genes having a divergent ( !) or a tandem orientation (!! or ), leading to a relatively high or a moderate likelihood of disruption. None of the Tn916 insertion sites identified in this study were adjacent to neighbouring genes with a convergent orientation, but 23 (67%) were adjacent to neighbouring genes with a tandem orientation (!! or ) and 12 (33%) to genes with a divergent ( !) orientation (Table 1 ). The frequency of neighbouring gene orientation (NGO) was performed for the fully annotated core genome of B316 T (Table 1) and was found to be significantly different from the NGO of the Tn916 insertion sites (w 2 = 94.75, df = 2, P-value o 0.001) ( Table 2 ). The
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